We report on, in this letter, a phenomenon that the central zerointensity point of a doughnut beam, caused by phase singularity, disappears in the focus, when such a beam is focused by a high numerical-aperture objective in free space. In addition, the focal shape of the doughnut beam of a given topological charge exhibits the increased ring intensity in the direction orthogonal to the incident polarization state and an elongation in the polarization direction. These phenomena are caused by the effect of depolarization, associated with a high numerical-aperture objective, and become pronounced by the use of a central obstruction in the objective aperture. 
Introduction
A TEM 01 * mode laser beam, also called a doughnut beam because of its characteristic shape, has been recently used in high-efficiency laser trapping [1] [2] [3] [4] [5] and super-resolution optical microscopy [6] . In particular, the use of a centrally obstructed doughnut beam focused by a high numerical-aperture (NA) objective facilitates the three-dimensional microstructure rotation with laser tweezers by extending its focal depth. Similar technique of focal depth extension has been demonstrated by using an axicon [7] . The electric field of a doughnut beam can be expressed as
, where φ is the polar coordinate in the plane perpendicular to the beam axis and n is called the topological charge. Such a beam can be generated directly using a phase mask [8, 9] or a hollow optical fiber [10] or indirectly by using a computer-generated hologram [11] .
It is well known that due to the helical phase distribution of a doughnut beam its intensity distribution gives zero on the axis, when it is focused by a low NA lens [12] . Physically, when a high NA lens is used the electric field in the focal region exhibits a component along the incident polarization direction as well as an orthogonal and a longitudinal component, which is called depolarization [12, 13] . The contribution of the longitudinal components is dependent on the phase and amplitude distribution on the lens aperture, which leads to the splitting of the focal spot of a ring beam [14] . Therefore, it could be expected that the focal intensity distribution of a doughnut beam focused by a high NA lens is different from that obtained using a low NA objective. Recent work on Laguerre-Gaussian beams in nonparaxial conditions indicates the presence of the longitudinal component of electric field, in addition to the transverse component [15, 16] . However, it would be beneficial to quantify the strength of the longitudinal component for doughnut beams of different topological charges and focused by objectives of different NA.
In this letter we investigate the effect and strength of depolarization, induced by a high NA objective, on the focal intensity distribution of a doughnut beam.
Intensity distribution in the focal region
It is found that when a monochromatic doughnut beam, polarized in a transverse direction, is focused by a high NA objective in free space, the longitudinal component plays a significant role in determining the electric field in the focal region, resulting in the disappearing of the center zero intensity point.
Using the vectorial Debye theory, one can express the electric field distribution in the focal region of a linearly polarized monochromatic doughnut beam focused by a high NA objective satisfying the sine condition, if the polarization is along the x direction, as [12, 13] [ ]
where i, j, and k are unit vectors in the x, y, and z directions respectively. Variable r 2 , ψ, and z 2 are the cylindrical coordinates of an observation point. Any other polarization state can be resolved in two orthogonal directions each of which satisfies Eq. (1). The intensity is proportional to the modulus squared of Eq. (1) and is shown in Fig. 1 for doughnut beams of different topological charges and numerical aperture. When the numerical aperture of the focusing objective is low, the focal intensity distribution shows a well-known doughnut shape [12] , which depends on topological charges. If, on the other hand, the numerical aperture of the focusing objective is high, the intensity distribution in the focal region becomes distorted and loses singularity for certain topological charges. It can be seen from Fig. 1 that the intensity in the doughnut ring increases along the direction perpendicular to the incident polarization state and that the focal spot is elongated along the polarization direction. Furthermore, the doughnut beam of topological charges 1 and 2 (Figs. 1(a) and (b)) looses its zero intensity on the beam axis when focused by an objective of NA=1. For a beam of topological charge ±1, its intensity in the center of the focal region equals 48.8 % of the maximum intensity ( Fig. 1(a) ), while for a beam of topological charge ±2 it drops down to 13.5 % of the maximum intensity ( Fig. 1(b) ). When the topological charge becomes
, the intensity in the center of the focal region regains its zero value ( Fig.  1(c) ). The zero intensity in the center of the focal region has been observed by calculating focal intensity distributions for higher doughnut beam topological charges (n=4 and n=5). This topological charge dependence of the intensity in the central focal region can be understood from Eq. (1).
Considering the point at the focus at r = 0 and z = 0, we find that
, and
. In the case of 2 ± = n , the electric field components in the focal region give
, and E component leads to a "two-peak focus" in the V y direction (Fig. 2(d) ). E in the central focal region, and that these two components result in the non-zero value in the center of the focal region. The central focal intensity for charge 2 is much smaller than that for charge 1. This is because the relative strength of all give zero field intensity in the central region of a doughnut beam of charge 3 (Fig. 4) . Component 2 x E gives a ring of equal intensity around the singularity (Fig. 4(a) ), while component 2 z E produces two high intensity peaks on either side of the singularity in the V y direction (Fig. 4(c) ). These two components are comparable in strength and are dominant in determining the overall intensity in the focal region. charge 1 than that exhibited by the charges 2 and 3 beams of lower numerical aperture. As NA becomes larger, the most rapid increase is manifested by charge 3. Let us turn to the effect of a central opaque disk on the phenomenon shown in Figs. 1-4 . Such centrally obstructed doughnut beam is analogous to using an axicon to extend the focal depth of the doughnut beam, which has been used in laser trapping with a high NA objective [7] . 
